Introduction
Dyes-sensitised solar cells (DSSC) have emerged as one of the most promising technologies for low-cost photovoltaics. 1 The study of electron transfer processes within a DSSC is crucial to optimising the efficiency of the system, as with this knowledge the various steps that occur within the cell can be further understood and eventually controlled. This should allow maximisation of the forward processes and reduction of the loss mechanisms. This paper discusses the molecular design of ruthenium polypyridyl complexes in order to study the interfacial charge recombination dynamics at the dye/TiO 2 heterojunction.
The strategy used in this study is that of a donor-acceptor dye ( Fig. 1 ). In this system an electron donor moiety is covalently linked to a chromophore unit. Upon excitation of the chromophore by incident light, an electron is injected into the conduction band of the TiO 2 (1). This is rapidly followed by the transfer of an electron from the appended electron donor unit (2) . This shifts the dye cation hole further from the surface of the TiO 2 , leading to the recombination loss process (3) being significantly retarded.
There are several examples of mononuclear ruthenium polypyridyl dyes with appended secondary electrondonor units that show extended charge-separated state lifetimes in a DSSC. All of these examples utilise the A series of dyes which has received significant attention recently is a ruthenium tris-bipyridyl triphenylamine (TPA) series. 5, 6, 7 By systematic variation of the third functionalised bipyridyl ligand the influence of extended π-conjugation, and also the use of polymeric electron-donating units on the charge-separated state in a DSSC were investigated. N3 analogues have also been investigated, where the functionalised bipyridyl ligand replaces one of the dcbpy ligands and the NCS groups are retained. 8, 9, 10 It was found that a dye with appended polymeric TPA groups had an extremely long-lived charge-separated state of 4 s when adsorbed to TiO 2 , measured via transient absorption spectroscopy. This is the longest charge-separated lifetime reported to date for a dye/TiO 2 system and was attributed, via DFT calculations, to the HOMO being entirely located over the triphenylamine units rather than on the ruthenium core. In addition these dyes have been found to perform significantly well in solid-state DSSCs, using spiro-OMeTAD as the electrolyte, with a maximum efficiency to date of 3.4 %.
The study above relates well to the conclusions of a previous report where the recombination dynamics of a number of ruthenium bipyridyl, phthalocyanine and porphyrin dyes were studied. This concluded that the recombination in these systems was strongly linked to the spatial separation of the dye cation HOMO from the With these studies in mind, this work complexes a functionalised tetrathiafulvalene (TTF) unit to a ruthenium bipyridyl moiety (Fig. 2) . Derivatised TTFs have long been of interest as functional molecules due to their unique electron donor properties. They are frequently used as building blocks for charge-transfer salts, yielding organic conductors and superconductors. 12 There are a wide variety of other applications that utilise TTF derivatives, including organic electronics, 13,14 magnetic materials 15 and supramolecular chemistry. 16, 17 With such a large range of applications there are numerous examples where a transition metal is complexed by a functionalised-TTF ligand, mainly of Cu, 18, 19 Ni, 20, 21 and Pt. 22, 23, 24 There are also examples of TTFfunctionalised bipyridyl ligands18 ,25,26 and a fused dipyridophenazine-TTF ligand with which ruthenium complexes have subsequently been synthesised. 27, 28 The existing ruthenium complexes with appended TTF moieties all show some degree of electronic communication between the TTF and the ruthenium centre often leading to luminescence quenching. Only two examples exist where a TTF unit is directly bound, 29 or complexed 30 to the ruthenium. In one case a bis-TTF ruthenium trichloride complex was investigated, however in the other the TTF was bound to a Ru(bpy) 2 moiety via sulfur-donor atoms and primarily investigated for the electrical conductivity of the oxidised species.
This study aims to utilise the electron donating ability of the TTF unit to increase the lifetime of the chargeseparated state of the dye in a DSSC, thereby reducing the recombination of the injected electron with the oxidised dye. 
Results and Discussion

Synthesis
In general, the complexes were synthesised by treatment of the appropriate precursor [Ru(4,4´-R-bpy) 2 
Electrochemistry
Complexes 1 -3 all show remarkably similar oxidation potentials (Table 1 and Fig. S2 -S3 ). This may reflect the similarity in nature of the occupied orbitals, i.e. the large contribution of TTF(SMe) 2 . This point is further discussed with respect to the spectroelectrochemical and computational work. It should be noted that cyclic voltammetry studies of these complexes showed very poorly defined voltammograms, due to the three oxidations occurring at very similar potentials. Therefore in all cases differential pulse voltammetry was used to establish a more accurate description of the redox processes for these systems. See ESI for further information.
The reduction potentials of the complexes vary according to expectations, with 1 showing the more negative reductions relative to the complexes containing the electron withdrawing ester and acid derivatives (2 and 3).
It should be noted that the electrochemical studies were also carried out in 0.3 M TBABF 4 /DCM, however the oxidation potentials did not vary from those observed in DMF. 
Absorption Spectroscopy
The absorption spectra of complexes 1 -3 (Fig. 3, Table 2 ) are somewhat unusual for ruthenium bipyridyl complexes in that they have very poorly defined bands in the visible region, with a gradual increase in absorption from ~ 800 nm onwards. This broad absorption range would be advantageous, however the molar extinction co-efficients of the lower energy bands are relatively small (less than 9000 M -1 cm -1
). This means that the light harvesting ability of this dye is comparatively poor. The absorption spectrum is rather broad for this series of complexes due to the contribution the TTF moiety makes to the highest occupied orbitals, a point which is further discussed with respect to the computational work. It should also be noted that a broad absorption spectrum was observed for both previously studied complexes where TTF was covalently bound to a ruthenium centre.29 , 30
Figure 3. Absorption spectra of complexes 1 -3 in DMF.
Emission Studies
The room temperature emission studies of (SC 2 H 4 CN) 2 TTF(SMe) 2 and complexes 1 -3 are summarised in 2 was found to yield no emission, in agreement with previous luminescence studies of functionalised TTF systems. 31 The observed emission in the studies of complexes 1 -3 was found to be that of the chromophoric unit Ru(R-bpy) 2 , as shown by the similarity of the emission maxima to those of [Ru(R-bpy) 3 ] 2+ for all three complexes. 32, 33, 34 This result suggests that the model of electron transfer processes outlined in Figure 1 may be an accurate representation for these complexes, as the two distinct units appear to retain to some extent their individual properties. It would be expected that the lifetime of these emissions would be substantially reduced relative to the tris-(R-bpy) complexes (100s of nanoseconds) as the TTF moiety should facilitate rapid electron transfer to the Ru(R-bpy) 2 moiety and result in quenching of the emission. These observations have been made previously for a ruthenium complex incorporating a TTF functionalised bipyridyl ligand. 18 The fact that emission is observed at all suggests that the timescale of the intramolecular electron transfer is longer than or comparable with the intersystem crossing from the 1 MLCT state to the 3 MLCT state (which generally occurs on a sub-picosecond timescale) 35 .
The excitation spectra for these complexes show the transitions which result in the emission. In this case they would be allowed transitions to 1 MLCT which relax (via intersystem crossing) to the emissive 3 MLCT states.
The lack of overlap between the excitation and emission spectra is evidence for emission from the triplet state.
The absence of broad absorption bands in the excitation spectra, as observed via absorption spectroscopy, indicates that there are transitions which relax non-radiatively for these complexes. These may involve transitions within the TTF moiety or orbitals which are largely mixed i.e. both Ru and TTF in character.
Emission studies of complexes 1 -3 were also carried out at 77 K in frozen glass ethanol solutions. These exhibit very similar but more intense emission and excitation spectra, however there is greater resolution at lower temperature, especially for 2 which shows two sharp peaks at 77 K in place of a broad band at room temperature ( Fig. S6 ).
Spectroelectrochemistry
OTTLE
The redox processes of 1 and 2 (Table S1) were followed spectroscopically using an optically-transparent thin layer electrode (OTTLE). Remarkably, this enabled the spectroscopic characterisation of six different redox states (overall charge of -2, -1, 0, +1, +2, +3) of the same complex, each of which was chemically stable under the cell conditions. The growth of a broad band between 9000 and 13000 cm -1 was observed after mono and di-oxidation of 1. The intra-bipy band at 34000 cm -1 also decreases in intensity after both oxidations. The main difference between the two is the behaviour of the visible region bands at 22000 and 30000 cm -1 . The mono-oxidised species shows a partial collapse of the highest energy visible band but no change in the low energy band. However, the di-oxidised species shows a complete collapse of the high energy band accompanied by a growth of the low energy band. The origins of the changes in absorption with oxidation are further discussed in conjunction with the oxidative OTTLE studies of 2, below. It should be noted that the trioxidised species of 1 was also studied but was found to be unstable in both DMF and DCM.
The oxidations of 2 were studied in both DMF and DCM, to investigate the reversibility of the various processes (Fig. S8) . In both solvents the first and second oxidations were found to be fully reversible, however the third was only partially reversible in DMF and fully reversible in DCM.
The first two oxidations have similar effects on the absorption spectrum of 2, showing the growth of a band at 9200 cm -1 , a decrease in intensity of the bipyridyl intraligand band at 32000 cm -1 and the increase of the MLCT band at 23000 cm -1 . The main difference between the two spectra is the appearance of a second low energy band at 13000 cm -1 for the di-oxidised species. The low energy bands may either be assigned to intraligand TTF transitions, as observed for (SC 2 H 4 CN) 2 TTF(SMe) 2 (Fig. S7 ), or to HOMO to LUMO transitions, as discussed further with respect to the computational work.
The tri-oxidised absorption spectrum shows a further growth in intensity of the low energy peaks at 14000 and 9200 cm -1 , however this is accompanied by the decrease in the MLCT band at 23000 cm -1 and a slight broadening of the intraligand band. These are typical responses for a ruthenium oxidation, 36 albeit not as pronounced as for most other ruthenium bipyridyl complexes, and so this third oxidation was tentatively assigned as based predominantly on the ruthenium centre. The fact that the first two oxidations showed very similar responses and that they resulted in the growth rather than collapse of the band assigned as an MLCT suggests that these oxidations are not based on the ruthenium centre, and were tentatively assigned as TTF based oxidations.
The reductive OTTLE studies of 2 showed typical mono-reduced and di-reduced species for a ruthenium bipyridyl complex (Fig S9) , with the partial collapse of the bipyridyl intraligand band at 31000 cm -1 and the growth of three new bands at 6500, 19000 and 27000 cm -1 on mono-reduction. The bipyridyl intraligand band further collapses upon di-reduction and continued growth of the three new π-π* bands was observed. These studies indicate that the LUMO is located on the bipyridyl ligands as expected.
In-situ EPR
The mono-oxidation of (SC 2 H 4 CN) 2 TTF(SMe) 2 resulted in the growth of a single peak with g = 2.0197.
Inducing the second oxidation resulted in the collapse of this new peak. This is entirely as expected for a functionalised TTF, with the single uncoupled peak showing that the unpaired electron is located on one of the central rings surrounded by elements with a nuclear spin of zero, rather than the peripheral methyl thiol or cyanoethylthio groups where there are non-zero nuclear spin elements.
The EPR studies of 2 showed the growth of a single uncoupled peak upon inducing the first oxidation with g = 2.0191. With di-oxidation the peak collapses to yield an EPR silent species and there is no return of a signal upon tri-oxidation. This provides further evidence for the first oxidation being TTF based, as the generation of an uncoupled signal with a g-factor very similar to that of oxidised (SC 2 H 4 CN) 2 TTF(SMe) 2 can only account for an unpaired electron being located on the TTF ligand. The studies do not discern between the nature of the second and third oxidations, however as the collapse of the peak could result from either the ruthenium or the second TTF based oxidation.
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The lack of any observable signal with the oxidation of the ruthenium (whether it be the second or third) is not wholly unexpected. Ruthenium has two non-zero spin isotopes 99 Ru and 101 Ru, both with I = 5/2. It may be expected that upon oxidation of the ruthenium centre the resulting d 5 Ru(III) would be EPR active. This is often not the case, however, as spin-orbit coupling leads to rapid relaxation due to the strong orbital contribution to the magnetic moment.
Overall these spectroelectrochemical studies have shown that this system has the potential to show long-lived charge-separated lifetimes in a DSSC as the HOMO appears to be located largely on the TTF ligand.
Hybrid DFT Calculations
Computational calculations involving 2 also proved to be very informative about the nature of the numerous oxidations occurring with this complex. The calculated occupied orbitals (Fig. 4 , Table S2) 
Time-dependent DFT Calculations
To simulate the full absorption spectrum of 2, 70 singlet-singlet transitions were calculated using the optimised geometry in a DMF polarisable continuum model (Fig 5) . A summary of those transitions with significant oscillator strength can be found in the supplementary information, Table S3 . The lowest energy calculated transition was the HOMO-LUMO transition at 1100 nm. This was not observed in the experimental spectrum, presumably due to the poor orbital overlap between the HOMO, based on the TTF, and the LUMO, based on the bipyridyl ligand. The low probability of this transition was also indicated by the very low calculated oscillator strength of the transition.
The visible region absorption bands are relatively well reproduced, with the energies being quite similar to those observed experimentally. The intensities are however somewhat overestimated, as has been observed previously. 37 Interestingly these transitions were calculated to have pure MLCT character, involving transitions from the HOMO-3 to unoccupied orbitals. This would suggest that the dye behaves largely as the separate chromophore and electron-donor system, as outlined in Fig. 1Error ! Reference source not found.,
hich agrees with the emission study results. Therefore, in a DSSC if the injection of an electron into the conduction band of TiO 2 occurs after MLCT then the resultant hole will be on the ruthenium centre. However, as the TTF moiety is easier to oxidise than the ruthenium, then intramolecular charge transfer can readily occur between the two units, shifting the location of the dye cation to the TTF ligand. The location of the hole further from the surface of the TiO 2 should then lead to a significantly longer-lived charge-separated state.
The lower energy visible band has significant contribution from transitions which originate from the TTF based HOMO, and so the poor orbital overlap may be contributing to the low molar extinction coefficient in this region of the observed absorption spectrum. 
DSSC Measurements
Given the significant evidence for the high possibility of extended charge-separation , the I-V measurements for 3 were somewhat disappointing, with very low efficiencies recorded (Fig. S11 , Table 4 
Transient Absorption Spectroscopy
The clear growth of a band at ~ 1000 nm upon oxidation of 2, observed in the OTTLE study, was used to investigate the charge-separated lifetime of the TiO 2 conduction band electron (TiO 2 |e -) and the dye cation hole (d + ) using transient absorption spectroscopy.
Using an excitation wavelength of 500 nm and a probe wavelength of 995 nm the charge-separated lifetime was studied using three different electrolytes: propylene carbonate (PC) only, propylene carbonate and lithium perchlorate and finally propylene carbonate and lithium iodide/iodine (Fig. 6 ). This allowed both the recombination and regeneration kinetics to be investigated.
An important issue to address was whether the addition of these additives to the electrolyte was causing degradation of the dye in some form. The absorption spectra of the sensitised TiO 2 films were recorded upon changing the electrolyte composition, before and after irradiation (Fig S12) . There was found to be no change in absorbance of the film, and no absorbance at ~ 1000 nm which would interfere with the TAS study. This confirms that the species being observed involves the excited state of the dye or the dye cation specifically, and not the neutral form of the dye.
Initial results were very promising, with an extended lifetime observed during the recombination study using propylene carbonate only as the electrolyte. The measured half-life (t 1/2 ) was found to be very long with a value of 20 ms, compared to a t 1/2 = 600 μs for N719, under the same conditions. The addition of LiClO 4 to the electrolyte had two effects: the amplitude of the signal increased and the dynamics of the system became more complex. There is still a long-lived signal and also a secondary rise and decay of the signal at longer time scales. The study involving LiI/I 2 was found to have the same complex dynamics as the LiClO 4 recombination study, with only a small decrease in signal life-time, suggesting that the regeneration of this dye is particularly slow. The failure of the iodide to rapidly regenerate the neutral dye is probably due to its insufficientlypositive oxidation potential and is likely to be the cause of the very low DSSC efficiency measured. Li + has been shown to play an important role in the dynamics of dye reduction, with the electrostatic environment of the interface altering following charge injection. 38 In addition, recent evidence suggests that the formation of a ruthenium bipyridyl cation/iodide intermediate is an essential step for the re-reduction of the dye. 39, 40 Thus the changes in the transient decay profile upon addition of both Li + and I -may arise from varied interactions of the ions with the neutral and oxidised dye. The final decay in signal amplitude is ultimately due to the recombination of the injected electron with the oxidised dye, rather than regeneration of the neutral dye via reduction by the iodide.
To investigate this further, we used spectroelectrochemical studies to observe whether the dye was forming a distinctly different species in the presence of LiI. The mono-oxidised species was generated under standard 
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t/s the OTTLE study (approximately 2 minutes), no intermediate species was observed. This study proves that LiI will regenerate 3 as desired, but it is also known from the TAS study that this does not occur faster than recombination i.e. below one second.
Conclusions
This work has shown the successful synthesis and characterisation of a series of ruthenium bipyridyl complexes with a covalently linked TTF moiety. The ester-functionalised analogue shows six chemicallystable redox states encompassing a charge of 3+ to 2-and all have been characterised spectroscopically. The absorption spectra of the complexes were found to be broad and with comparatively low molar extinction coefficients in the visible region for all derivatives. Whilst this low absorption is not ideal for use in a DSSC, the nature of the orbitals in this series proved to have interesting effects on the behaviour in a DSSC. The HOMO was deduced to be largely TTF based via spectroelectrochemical and computational techniques. The computational work indicates the HOMO-1 also to be largely TTF based. The TD-DFT study showed the main origin of the low energy absorption band to be ruthenium to bipyridyl ligand MLCT, suggesting that these dyes are acting as a largely separate chromophore and electron donor unit as desired, which was also indicated by the emission studies.
Binding to TiO 2 by the acid derivative was successful and the behaviour of this dye in a DSSC proved to be very informative, despite the lack of efficient function. Investigation of the kinetics of recombination and regeneration via transient absorption spectroscopy, revealed the desired long-lived charge-separated state as well as inefficient regeneration, with the latter being the cause of the low efficiency. It was observed that the dye could be regenerated by iodide but only on a longer timescale than that of the recombination. Overall, dye 3 is rather unique in displaying a long lived charge-separated state under complete solar-cell conditions, with both charge recombination and charge regeneration occuring on a timescale of greater than 20 ms. We are not aware of any other dye with this property, and it may provide an ideal opportunity to study, in a complete solar cell, long-lived Dye + /iodide interactions and/or slow re-organisation dynamics of the electrostatic environment of the dye-TiO 2 interface.
Experimental
(SC 2 H 4 CN) 2 TTF(SMe) 2 and the ruthenium bis-bipyridyl dichloride starting complexes were prepared as described in the literature 41 . All solvents were reagent grade and were used as received.
OTTLE (Optically Transparent Thin Layer Electrode) measurements were taken using a quartz cell of 0.5 mm, a Pt/Rh gauze working electrode, an Ag/AgCl reference electrode and a Pt wire counter electrode. UV-vis spectra were recorded on a Perkin-Elmer Lambda 9 spectrophotometer, controlled by a Datalink PC, running UV/Winlab software. 0.1 M TBABF 4 was used as the supporting electrolyte in all cases.
All in-situ EPR spectra were recorded on an X-band Bruker ER200D-SCR spectrometer, connected to datalink 486DX PC running EPR Acquisition System, version 2.42 software. In-situ EPR experiments were electrogenerated using a BAS CV-27 voltammograph. Variable temperature work was carried out using a Bruker ER111VT variable temperature unit. In some cases, solution spectra were recorded at reduced temperature to ensure long-term stability of the reduced species. All g values were corrected to 2,2'-diphenyl-1-picrylhydrazyl with g literatue = 2.0036 ± 0.0002.
The Gaussian 03 program was used to perform all calculations. 42 The Becke three parameters hybrid exchange and the Perdew-Wang 1991 correlation functionals (B3PW91) level of theory were used. 43, 44 For the ruthenium atom a Hay-Wadt VDZ (n+1) ECP was used 45 and all other atoms were described by 6-31G*. 46 The initial structure was input using the builder program Arguslab. 47 A frequency calculation was performed to ensure the optimised structure was a minimum on the potential energy surface, verified by the absence of negative imaginary values. The molecular orbital isosurfaces were generated using the cubegen utility in Gaussian 03.
To make the DSSCs titanium dioxide paste (Dyesol, DSL-18NR-T) was deposited onto cleaned fluorine Transient absorption decays were measured using the "flash photolysis" technique. The sample was excited with a dye laser (Photon Technology International Inc., GL-301) pumped by a nitrogen laser (Photon Technology International Inc., GL-3300). The excitation wavelength was 500 nm. The pulse width was 800 ps, the fluence was about 50 μJcm -2 and the repetition frequency was 1 Hz. A 100-W tungsten-halogen lamp (Bentham, IL1) with a stabilized power supply (Bentham, 605) was used as a probe light source. The probe light passing through the sample was detected with a silicon photodiode (Hamamatsu Photonics, S1722-01).
The signal from the photodiode was pre-amplified and sent to the main amplification system with an electronic band-pass filter to improve signal to noise ratio (Costronics Electronics). The amplified signal was collected with a digital oscilloscope (Tektronix, TDS 220), which was synchronized with a trigger signal of the laser pulse from a photodiode (Thorlabs Inc., DET210). To reduce stray light, scattered light and emission from the sample, two monochromators and appropriate optical cut-off filters were placed before and after the sample. Owing to the amplification and noise reduction system, the detectable change of absorbance was as small as 10 -5 to 10 -6 . 
(s, 6H).
Ru(decbpy) 2 (TTF(SMe) 2 ) (2). Ru(decbpy) 2 Cl 2 (100 mg, 0.129 mmol) was dissolved in methanol (10 ml) and silver nitrate (44 mg, 0.26 mmol) in water (1 ml) was added. The mixture was refluxed for 1 hour and the resulting white silver chloride precipitate removed by centrifuge. TTF(SMe 2 ) (60 mg, 0.129 mmol) was suspended in tetrahydrofuran (5 ml), at 0 °C under nitrogen, and a 25 % tetramethylammonium hydroxide solution in methanol (120 μl, xs) added. The mixture was stirred under nitrogen at 0 °C for 20 minutes, followed by the removal of the solvent in vacuo and the resulting solid was redissolved in methanol (5 ml).
The red ruthenium bipyridyl filtrate was then quickly added to the TTF(SMe 2 ) solution and the mixture stirred for 2 hours. The resulting brown product was collected by filtration. Yield: 67 mg (49 %). 
